ABSTRACT: Intensive shrimp ponds are hypereutrophic ecosystems with high nutrient loading rates. The contribution of sediment nutrient fluxes to nutrient cycling in shrimp ponds was studied. Benthic processes were quantified using benthic chambers (clear and dark) on the sediment of intensive shrimp ponds at 3 farms. The ponds contained 2 distinct sediment zones: an outer zone of sand and rubble swept clean by the action of paddlewheels and other aerators (65 to 85% of the pond area), and an inner zone where settled particulate matter formed a sludge pile. The high nutrient loads, in the form of formulated feed, coupled with high sediment deposition resulted in an anoxic sediment in the pond center with a low respiratory quotient (oxygen:carbon dioxide ratio). The carbon dioxide effluxes were 2-to 4-fold higher than oxygen consumption. The highest nutrient flux rates from the sediment were those of ammonium (NH 4 + ), particularly in the inner sludge zone (up to 182 mmol m -2 d -1
INTRODUCTION
Nutrient cycling in shallow water ecosystems is critically influenced by the interactions between the sediment and the water. The microbial community plays a major role in the transformation of organic matter deposited on the sediment floor, which in turn provides a source of remineralized nutrients for plankton growth. The deposition of detrital loads, resulting from plankton and other organisms, increases in eutrophic waters (Jickels 1998) . High nutrient loads may result in hypoxia and higher rates of nutrient cycling, but may also alter the major pathways by which nutrients are recycled, e.g. by inhibition of nitrification and preferential release of ammonium (NH 4 + ) (Jørgensen 1996) . Some sediments may be extremely efficient at removing an increased nitrogen (N) load by denitrification, rather than returning it to the water column in forms available for algal growth (Seitzinger 1988 , Berelson et al. 1998 Intensive shrimp aquaculture ponds are examples of hypereutrophic systems with high inputs of nutrients, particularly N, as formulated feed. Much of this feed is not retained by the cultured species but enters the pond system as particulate and dissolved nutrients (Briggs & Funge-Smith 1994 , Martin et al. 1998 , Preston et al. 2000 . In order to maintain adequate water quality hypereutrophic water containing nutrients derived from feed is released into coastal waterways.
Shrimp farming is a rapidly expanding industry with an annual production of 860 000 t (Rosenberry 2000) . The bulk of the production is in tropical and subtropical areas of the world, principally in developing countries for markets in the industrialized world. The unchecked growth of shrimp aquaculture in many of these countries has led to environmental degradation, including eutrophication of coastal and estuarine areas. The shrimp aquaculture industry is therefore under increasing pressure to reduce its effects on the natural environment (Naylor et al. 1998 (Naylor et al. , 2000 .
Despite the environmental concerns regarding intensive shrimp aquaculture, the role of the sediment in processing waste nutrients in shrimp ponds has received little attention. While there have been studies describing sediment characteristics and quantifying sediment nutrients, bacterial numbers and productivity (Moriarty 1986 , Smith 1996 , Burford et al. 1998 , there is a paucity of data on microbial processing of waste nutrients and the resulting effect on water quality.
Most previous studies on the role of sediment in either remineralizing or assimilating waste nutrients have been below fish cages and ponds in temperate regions of the world. High porewater NH 4 + concentrations and NH 4 + fluxes have been measured in numerous studies (Hargreaves 1998 , Karakassis et al. 1998 , Christensen et al. 2000 . In contrast, the efficiency of removal of the high input loads of N from aquaculture via denitrification was generally low, despite the variation in denitrification rates between and within studies (Kaspar et al. 1985 , 1988 , Hall et al. 1992 , Christensen et al. 2000 . It is not known how applicable these results are to tropical shrimp ponds where shrimp are continually bioturbating the sediment.
This study examined the effect of high nutrient loads on shrimp pond sediments to determine the dominant nutrient cycling pathways and, hence, the role of the sediment in ameliorating or exacerbating the effects of high nutrient loadings to coastal waterways.
MATERIALS AND METHODS
Experiments were conducted at 3 commercial shrimp farms: 2 in subtropical southeast Queensland, Australia (Farm 1 on a mangrove-lined tidal creek, 27°30' S, 153°20' E, and Farm 2 on the mouth of a river, 27°45' S, 153°20' E) and 1 on a mangrove-lined tidal creek in tropical northern Queensland, Australia (Farm 3, 18°17' S, 146°2' E). Each farm contained a number of earthen ponds, generally with the dimensions of 100 m × 100 m. Ponds were 1.4 to 1.6 m deep. The 2 farms in southeast Queensland were stocked with Penaeus monodon while at the northern farm, ponds were stocked with P. merguiensis. Animals were stocked at a density of 30 to 40 m -2 and fed high-N formulated feed. Ponds were aerated with a combination of paddlewheels and propeller-aspirators, the number and position of which varied from pond to pond. The aerators were positioned along the outer region of each pond to circulate water within the perimeter of the pond and to concentrate particulate matter in the water column into the pond center. The water velocity near the sediment surface varied from <1 cm s -1 in the middle to >10 cm s -1 at the edge. Benthic chambers. Four chambers, 2 of clear plastic (perspex) and 2 of blackened perspex were used in the flux experiments. The chamber design is described by Nicholson et al. (1999) . When each chamber was pushed into the sediment, about 6 l of water was trapped over 0.07 m 2 of sediment. At the top of each chamber was a sealed sampling tube, a capillary tube to allow ambient water to replace that removed during sampling and a dissolved oxygen (O 2 ) probe. A fifth O 2 probe was placed near the chambers to measure the ambient dissolved O 2 concentration. An underwater data logger was programmed to pulse and read the O 2 probes every 10 min. Each chamber had a magnetically coupled stirrer with a stirring rate set to simulate a bottom current of 5 cm s -1 . At each farm, benthic chambers were deployed in 2 ponds, each of which had a crop that had been established for about 4 mo and had a high biomass of shrimp (Farm 1 had 5600 kg ha -1 , Farm 2 had 4300 kg ha ). There were 3 incubation sites, each with 4 chambers, in each pond: 1 in the outer region of the pond where water velocities were highest; 1 in the center of the pond where sedimented particulate matter (i.e. sludge) accumulated to the greatest degree; and 1 intermediate between the center and the edge where the sludge was a few centimeters deep. The precise volume of each chamber was determined by injection of cesium chloride into the chamber, then collection of a subsample of water from the chamber 5 min later. Samples for nutrients and alkalinity analysis were taken by a SCUBA diver from each chamber at 0, 0.5, 1, 2 and 3 h.
Water samples were filtered under low pressure through glass fiber (GF/F, Whatman, Clifton, NJ) and 0.45 µm cellulose acetate filters (Sartorius Edgewood, NY) for nutrient analyses and alkalinity titrations. Filtrates were stored on ice (alkalinity, Dickson & Goyet 1996) or frozen (nutrients) until analyzed. An unfiltered subsample was also collected for pH determinations and stored on ice until measured within 6 h of collection.
Sediment characteristics.
The area and depth contour of the sedimented particulate matter (i.e. inner sludge zone), in each pond was measured by walking calibrated transects across each pond and measuring the depth of the sludge each 2 m. In addition, sediment cores (50 mm deep, 24 mm diameter) were taken from 9 sites in the inner sludge region and from 9 sites in the outer region of each pond while the benthic chambers were deployed. In the laboratory, the cores from all sites in each region were pooled and mixed thoroughly. A subsample was taken for total Kjeldahl N and total organic C analyses. Samples were freeze-dried, sieved and digested, and total Kjeldahl N was analyzed using an autoanalyzer (Technicon 1977) . For organic carbon (C), the sample was treated with acid/ iron chloride to liberate inorganic C and the resultant mixture was dried. The sample was then pyrolysed in a WR12 induction furnace (LECO, Mönchengladbach, Germany) in the presence of O 2 to produce carbon dioxide (CO 2 ). CO 2 is detected by a thermal conductivity detector.
To measure porewater nutrients, sediment subsamples were centrifuged at 8000 rpm for 5 min. The porewater was decanted, filtered through a 0.45 µm cellulose acetate filter (Sartorius) and frozen before being analyzed for NH 4 + and nitrite (NO 2 -) + nitrate (NO 3 -) content (Parsons et al. 1984) . Subsets of sediment were also weighed and total extractable NH 4 + was determined on 2 M potassium chloride (KCl) extracts (Uddy & Dennison 1997) . The dry wt:wet wt ratio was determined by weighing subsamples before and after drying at 105°C for 24 h. 3 -]) were measured by a modification of standard segmented-flow auto-analysis methods. Urea was analyzed by the diacetyl monoxime method (Rahmatullah & Boyde 1980) . The pH of an unfiltered subsample of water was measured at 25°C with a pH electrode. Alkalinity was determined by a Gran titration at 25°C. To estimate the relative importance of oxic and suboxic pathways, titration alkalinity was corrected for non-carbonate contributions (Berelson et al. 1998) . Total CO 2 concentrations were calculated from the pH and alkalinity values. Cesium concentrations were measured by direct sample aspiration and atomic emission spectroscopy.
Nutrient, O 2 and CO 2 fluxes were estimated by the linear regression of concentration changes with time, with correction of chamber sample concentration for dilution by ambient water drawn in during sampling. The inferred denitrification efficiency was calculated from the ratio of measured DIN fluxes versus expected DIN fluxes, which were based on the measured C:N ratios in the sediment and the CO 2 fluxes (Berelson et al. 1998) .
Denitrification/N fixation. Sediment cores were also taken in 1 pond at Farm 1 for denitrification and Nfixation measurements using acetylene block/reduction techniques. Cores were taken from the outer and the inner sludge zone (12 in each zone). The cores from each region in the pond were pooled (50 mm deep) and mixed before 15 ml subsamples were taken and placed in 6 × 125 ml Erlenmeyer flasks. Filtered water (15 ml) from the same pond was added to each flask. Flasks were sealed and N 2 gas was added to the airspace for 2 min to remove O 2 .
Acetylene gas (15 ml) was then injected into the flasks. There were 2 treatments of either 0 and 50 µM potassium nitrate (KNO 3 ) addition, with 3 replicates of each. The KNO 3 was added immediately after the acetylene gas. At the start of the experiment and every following 1 to 2 h up to 8 h, 100 µl gas subsamples were taken from each flask and injected into 2 gas chromatograms, one with an electron capture detector for nitrous oxide measurements and the other with a flame ionization detector for ethylene measurements. Ethylene and nitrous oxide standards were also regularly injected.
When KNO 3 was not added, there was no nitrous oxide production. Therefore, only data generated from samples with KNO 3 addition were used.
Quantification of dissimilatory N pathway. At Farm 2, the conversion of NO 3 -to NH 4 + by sediment processes was also quantified. A solution of 15 N-KNO 3 (24 µM) was added to 2 benthic chambers in the center of 1 pond. At 0, 0.5, 1, 2 and 3 h, samples were taken and filtered through 0.45 µm cellulose acetate filters and then frozen. Samples were distilled, and 15 N-NH 4 + was collected and analyzed by mass spectroscopy .
RESULTS
This study of shrimp ponds late in the growth season showed that there were 2 distinct sediment zones: an inner sludge zone representing 15 to 35% of the pond area; and the outer zone, which was swept by the action of aerators (Table 1) . Total Kjeldahl N and organic C were all about 3 times higher in the inner than in the outer zone of the ponds. Porewater NH 4 + was 7 times higher in the inner zone than in the outer zone, and extractable NH 4 + was 20 times higher. The concentrations of NO 2 -+NO 3 -in the porewater were low in comparison with NH 4 + concentrations, and did not differ between the inner and outer zone.
At the time of the benthic chamber incubations, the maximum daily water temperatures were similar at Farms 1 and 2, and about 5°C cooler at Farm 3 (Table 2) . Salinity was close to that of seawater at Farm 1 and considerably lower at Farms 2 and 3. The NH 4 + concentrations in the water were highly variable between ponds, ranging from 1.95 to 91.22 µM, and generally higher than NO 2 -, NO 3 -, urea and PO 4 3 -concentrations. The DIN and urea concentrations were substantially lower at Pond 2, Farm 1.
There were no differences in flux rates of reactants and products in dark and light benthic chambers. Therefore, data from all 4 chambers at each site within a pond were averaged. Incubation times were kept short (i.e. 3 h) to prevent O 2 depletion and ensure that flux rates were linear (Fig. 1) . Where O 2 fluxes were non-linear with time, or where O 2 concentrations within the chambers declined to less than 50% of ambient, only samples from the initial linear portion of the incubation were used to estimate fluxes.
The nutrient with the highest rate of efflux from the sediment irrespective of the pond or farm was NH 4 + with rates as high as 182 mmol m -2 d -1 in the inner sludge zone (Table 3) . Fluxes of NH 4 + increased linearly with increasing depth of settled sludge (R 2 = 0.74, p < 0.01, Fig. 2a ). The flux rates of NO 3 -+NO 2 -, urea and PO 4 3 -were all considerably lower (Table 3 ). In the case of urea and PO 4 3 -, there was generally a net efflux, while for NO 3 -+NO 2 -there was mostly a net influx. There were no obvious differences in the flux rates in Pond 2, Farm 1 despite the lower DIN concentrations in the water column.
The rate of CO 2 efflux from the sediment also increased with increasing sludge depth although the correlation was not statistically significant (R 2 = 0.41, p > 0.05, Fig. 2b) . O 2 consumption in the sediment did not increase with sludge depth (R 2 = 0.01, Fig. 2c ). CO 2 effluxes were generally 2-to 4-fold higher than O 2 consumption, particularly near the pond center, resulting in a low respiratory quotient (O 2 :CO 2 ) (Fig. 3) .
The mean potential denitrification in the sediment of the shrimp pond at Farm 1, as measured using the acetylene block method, was lower in the inner sludge zone ( 
DISCUSSION
The shrimp pond sediments in this study were highly anoxic (as measured by the low respiratory quotient) and were characterized by high NH 4 + effluxes, particularly in the pond center. Previous studies have shown that detritus and fine inorganic soil accumulate in the pond center, due to the action of aeration devices, creating a thick, black sludge. Most of this sludge (Smith 1996 , Burford et al. 1998 ) is inorganic material scoured from the pond walls and floor (Peterson 1999) .
O 2 fluxes into the sediment were comparable with those measured in fish ponds, in shellfish farms and below fish cages (Blackburn et al. 1988 , Boucher & Boucher-Rodoni 1988 , Mazouni et al. 1996 , Riise & Roos 1997 , Christensen et al. 2000 . CO 2 fluxes were 2-to 4-fold higher than O 2 fluxes indicating that most of the C (50 to 80%) was oxidized by subaerobic pathways. Possible pathways may include NO 3 -, iron/manganese or sulfate reduction or methanogenesis (Santschi et al. 1990) . From both the failure to observe significant NO 3 -fluxes into the sediment and the relatively low estimates of denitrification rate (see below), it can be concluded that NO 3 -reduction was a minor pathway in these ponds. Iron and manganese fluxes were not measured but these compounds are unlikely to be present in significant concentrations. In organic-rich coastal sediments, most anaerobic mineralization is by sulfate reduction (Jørgensen 1996) , and this is also the most likely pathway in shrimp ponds.
The similarity in the O 2 fluxes between the light and dark chambers suggests that photosynthesis by benthic microalgae was minimal. This is presumably due to the high turbidity and, hence, low light availability (2% of surface irradiance) on the sediment floor (Burford 1997). Additionally, in the inner sludge zone, continual sediment deposition in the inner sludge zone and resuspension by aerators in the outer zone would reduce the establishment of benthic microalgae.
NH 4 + fluxes
The sediments at all 3 farms were characterized by high concentrations of porewater and KCl-extractable + from the sediment, which increased with increasing sludge depth. These flux rates were higher than in other aquaculture ponds, below cages and in shellfish beds (Table 5 ). The whole-pond integrated NH 4 + fluxes were comparable with those in other aquaculture systems with high N loads, ie., the sediment of fish ponds and a mussel farm, and higher than those in the sediment below fish cages. Our experiment was conducted late in the growth season when sludge and feed loads were highest. Earlier in the growth season, NH 4 + flux rates were likely to be much lower. The high NH 4 + production in the sediment was presumably the result of the high waste N loads resulting from shrimp feeding. Previous studies have shown that most of the feed added to ponds is not retained by shrimp but enters the pond system (Briggs & FungeSmith 1994 , Preston et al. 2000 . Much of the resultant uneaten feed, feces and other detritus from water column processes must inevitably settle on the sediment floor where it is subject to remineralization processes. Feed wastage is higher from shrimp farming than from other intensively reared aquaculture species (Phillips et al. 1993) . This may explain the higher remineralization rates in the inner sludge zone of shrimp ponds. Another important difference between shrimp and fish aquaculture is that shrimp are benthic and bioturbate the sediment, which is likely to affect O 2 levels and nutrient processes in the sediment. ) of the sediment in the ponds in this study was 68% of the total NH 4 + regeneration rate in intensive shrimp ponds (Burford & Glibert 1999) . The NH 4 + produced from these regeneration processes is rapidly assimilated by the phytoplankton in these systems. In contrast to benthic algae, phytoplankton production is high (Burford 1997) . This is due to the action of aerators, which ensures that cells are exposed to sufficient light to support growth. The presence of a high phytoplankton biomass results in diel fluctuations in O 2 concentrations and pH (Burford & Glibert 1999) ; however, the action of the aerators prevents anoxia ([O 2 ] < 2 mg l -1 ) from developing in the water column at night. Nutrient fluxes were not measured at night, but the lower temperatures and O 2 concentrations may affect flux rates.
Denitrification efficiency
Flux rates of DIN from the sediment were compared with expected flux rates calculated from measured CO 2 fluxes and the measured C:N ratio of the sediment (expected DIN flux) in the inner and outer regions of each pond. The difference between the 2 rates (i.e. when the observed DIN flux was lower than the expected DIN flux) was assumed to be due to denitrification. At many of the sites within the ponds, the calculated and measured DIN fluxes were similar, indicative of low rates of denitrification (the line in Fig. 4 shows a ratio of 1:1). In ). A previous study has shown that the acetylene block method may lead to an underestimation of denitrification compared with other methods, consistent with our results.
Seitzinger ( ) and in an organic form, and denitrification efficiency was lower, as indicated by both the acetylene block and benthic chamber methods (Fig. 5) . The results of this study confirm findings that high organic N and C loadings decrease denitrification efficiency (Sloth et al. 1995 , Heggie et al. 1999 . This was despite the fact that a range of techniques (acetylene block, N 2 production, benthic chamber measures, NO 3 -anomalies) was used across the studies. The data suggest that denitrification rates decline at N inputs above 20 mmol m -2 d -1 to rates comparable with those in ecosystems with low N loads. Denitrification rates were therefore not necessarily lower than those in natural systems, but the efficiency by which N was removed, as N 2 gas, was significantly lower (0.4 to 2%).
The low denitrification efficiency is consistent with whole-farm, whole-season N budgets for shrimp farms, which showed that the difference between N inputs (feed 90%, intake water 5%, stock 5%) and outputs (harvest 26%, sediment 14%, discharge water 57%) was only 3% (Preston et al. 2000) . This was assumed to be due to denitrification.
Low denitrification efficiency has also been measured in fish ponds (Blackburn et al. 1988 , Riise & Roos 1997 and below fish cages (Kaspar et al. 1988 , Hall et al. 1992 , Christensen et al. 2000 . These systems also have high organic N loadings to the sediment. It has been suggested that this is due to low rates of nitrification, and hence low NO 3 -availability for denitrification (Blackburn et al. 1988 , Christensen et al. 2000 .
The low denitrification efficiency in our study may be related to the availability of NO 3 -and NO 2 -. The NO 3 -+NO 2 -concentrations in the water column and sediment porewaters were relatively low compared with NH 4 + concentrations, and there were low NO 3 -+NO 2 -fluxes into the sediment. This suggests that nitrification rates were low in this system. In the outer zone of our ponds, the organic supply to the sediment was low, but the O 2 supply was high, creating a more suitable environment for nitrification and denitrification to proceed. The high organic supply rate and relatively low O 2 supply in the pond center resulted in anoxic sediments that are likely to have inhibited nitrification and, hence, subsequently reduced denitrification. A previous study of the sediments below fish cages found inhibition of nitrification compared with sediments a few tens of metres away. Nitrification can be inhibited by low O 2 tension, and high hydrogen sulfide, unionized ammonia (NH 3 ) and NO 2 -concentrations, which in turn affects denitrification rates. These conditions frequently occur in intensive shrimp ponds (Suplee & Cotner 1996 , Cowan et al. 1999 . It has been suggested that inhibition of nitrification by exposure to sulfide is the explanation for the link between organic loading and denitrification (Berelson et al. 1998 ). Alternatively or additionally, the flushing rates in the ponds (up to 10% d -1 ) may prevent slow-growing nitrifying bacteria from becoming established.
Benthic chambers provide an in situ method of measuring microbial processes and resulting nutrient fluxes in sediments. Previous studies in both shallow coastal and deep water sediments have shown that the rates obtained are a good representation of natural fluxes (Reay et al. 1995 . In addition, mixing rates in the chambers and O 2 levels were within the range of levels in shrimp ponds. Therefore, the nutrient diffusion rates and sediment O 2 demand measured in our study are likely to be a reasonable representation of the flux rates in ponds.
To maintain adequate water quality in shrimp ponds and prevent the buildup of toxic NH 3 , it is common practice to discharge water intermittently into adjacent estuaries and rivers (Funge-Smith & Briggs 1998 , Preston et al. 2000 . In addition to flushing high NH 4 + concentrations from ponds, unstable phytoplankton blooms can develop, which, if not flushed from the ponds, would die and create anoxic conditions on the sediment surface. The poor environmental performance of shrimp farming is due, in part, to the practice of discharging nutrient-rich discharge water into coastal areas. Our study has shown that sediment processes in shrimp ponds can contribute substantially to the nutrient discharge loads, particularly in the form of NH 4 + . The shrimp farming industry is under increasing pressure from the public and environmental regulators to reduce nutrient loads discharged from farms and improve their sustainability (Naylor 1998 (Naylor , 2000 . Reduction of N discharges from shrimp farms would be enhanced if microbial processes that remove N were promoted. However, this study has shown that one such process, denitrification, was not effective in reducing waste N, and indeed N loading in the water column was exacerbated by ammonification of detrital N. The removal of sludge from the ponds is likely to significantly reduce ammonification. However, further research on promoting microbial processes, such as stimulating nitrification and hence denitrification, and reducing feed wastage is needed to reduce waste nutrient loads from shrimp aquaculture. 
